I. INTRODUCTION
Most of the automated propagation prediction tools for coverage analysis over geometrical databases use empirical models [1] - [5] with or without semi-empirical multiple knife-edge diffraction (MD) losses [6] - [10] in order to predict field strengths over terrain profiles. These empirical models which are described by equations or curves derived from statistical analysis of a large number of measured data, are simple and do not require details of the terrain. Therefore, they are easy and fast to apply. However, they cannot provide a very accurate estimation of the scattered field or the path loss for an arbitrary environment. Hence, comparison of empirical models in terms of accuracy is an important issue for the prediction of field strengths over large terrain profiles.
In this paper, a detailed investigation of some of the most widely used empirical propagation models with or without MD corrections has been performed using the spectrally accelerated forward-backward (FBSA) method [11] - [13] as a benchmark solution, after its accuracy is compared with measurements. Furthermore, the good agreement between the FBSA and measured results confirm the consistency of the method to be used for a section of the three-dimensional (3-D) environment, though the FBSA is based on the two-dimensional (2-D) Green's function. Use of other 2-D Green's function based integral equations for 3-D environments has been presented in the literature before [14] - [21] . We have chosen the FBSA among these methods, because of its O(N ) computational cost, to examine the propagation models over electrically large terrain profiles.
Interestingly, it has been observed that, for rural areas, the most recent International Telecommunication Union (ITU) recommended propagation model (Rec.-1546) needs to be modified. Furthermore, the use of MD losses in conjunction with empirical solutions increases the error if the field strength or the path loss due to the empirical model is already lower than that of the reference solution. Therefore, results of this study may help in the choice of the most suitable empirical models or in the development of more robust propagation techniques. A robust technique for the prediction of field strengths over large terrain profiles must be polarization and frequency dependent, and must take electrical properties, and details of the terrain profile into account. In Section II, the integral equation (IE) formulation and its solution using the FBSA is briefly discussed. Numerical results are presented in Section III where the accuracy of existing empirical propagation models are compared. Finally, some concluding remarks are presented.
An e jwt time convention is used and suppressed from the expressions.
II. FORMULATION
The scattered field over an electrically large rough terrain profile which is illuminated by an incident electromagnetic field {E inc (
), H inc ( )} ( =xx +ẑz) is computed using an IE based method to be used as a reference solution. Fig. 1 illustrates such a rough surface that is characterized with the curve C defined by z = f (x), along the x-axis. Considering the terrain as an imperfect conductor (r( ); r( )) and using the Impedance boundary conditions (IBC) [22] , an electric field integral equation (EFIE) for a transverse magnetic (TMy) polarization can be written in terms of the equivalent electric current density J y on the surface as 
In (1) and (2), s is the surface impedance along the surface, Assuming that the incident field is of finite extent in space, the surface and integrals in (1) and (2) can be confined to a finite region, though the profile C is arbitrarily extended to infinity. Therefore, (1) and (2) can be solved using a point-matching moment method solution leading to the matrix equation in the form of
where I contains the unknown current coefficients I m , Z is the impedance matrix whose entries are given in [13] , and V denotes the incident field evaluated at the matching points. Instead of the direct solution of the system defined by (3), which requires O(N 3 ) operations, the FBSA (O(N )) is used in order to find the unknown current coefficients for electrically very large terrains. For further details on the FBSA, the reader is referred to [12] and [13] .
III. NUMERICAL RESULTS AND DISCUSSION

A. Validation of the FBSA for Real World Propagation Problems
In order to assess the accuracy of the FBSA as well as to demonstrate its consistency with measurements, comparisons of FBSA results with measurements are shown in Figs , assumes perfect magnetic conductor terrain, and it can only handle the TM polarization case. We have taken the segment length =10, and the strong region length, L s = (z max 0 z min )=4, is calculated as 13 and 6, respectively, for the terrain profiles in Figs. 2(a) and 3(a) .
In Fig. 2(b) , the results for 435 MHz operating frequency are presented over Hadsund terrain profile, while the comparisons over Jer- slev profile for 970 MHz are shown in Fig. 3(b) . Both figures show the very good agreement of the FBSA results with the measurements and the other IE method. Therefore, the FBSA can safely be used as a reference solution to test the accuracy of the prediction of various ITU and FCC recommended propagation models.
B. Accuracy of the Prediction of ITU and FCC Propagation Models
In Fig. 4 , the accuracy of three empirical models are compared on an actual terrain profile from Turkey. These models are ITU Recommendation Rec.-529 [2] , [3] , ITU Recommendation Rec.-1546 [4] , and free space propagation model [5] with multiple diffraction. Note that, ITU Rec.-529 is the same as the Hata model [2] at 500 MHz. The MD correction used here is due to the Epstein-Peterson [7] in which obstruction from each knife-edge is added consecutively. The surface impedance is taken as a typical value of s = 25 + j20 . The transmitter antenna is considered to be an isotropic radiator with a transmitted power of 50 W and a height of 20 m located at the left-most end of the terrain. The receiver antenna is taken as an isotropic radiator, too, having a height of 1.8 m. We have taken the strong region length, Ls, as 5 m for the terrain profiles in Figs. 4(a) and 5(a) .
In Fig. 4(b) , the results for the 200 MHz operating frequency are presented for TM polarization. The free space propagation model with MD correction seems to have the best agreement with FBSA. The comparisons for 500 MHz are shown in Fig. 4(c) for TE polarization case. Numerical results show that the best agreement with FBSA results is obtained using free space propagation model with diffraction correction. Also, ITU Rec.-529 results seem to reasonably agree with the FBSA results especially at 500 MHz (Hata), while the poorest agreement is obtained for ITU Rec.-1546. We believe that, the use of ITU Rec.-1546 for propagation over rural areas will not be very accurate for ranges up to 20 km. In [4] , it is stated that, the ITU Rec.-1546 should yield consistent results with Hata up to 20 km. However, the given Hata equation in the recommendation [4] is the one for urban areas and results in a difference around 25 dB in path loss from the rural Hata equation at 300 MHz [23] . Therefore, the ITU Rec.-1546 should be modified in order to be used for propagation over terrain profiles in rural areas. The reason for the choice of the Epstein-Peterson method among the available MD corrections is explained with the aid of Fig. 5(b) and (c) for TM and TE polarizations, respectively. MD loss methods, Bullington [8] , Vogler [10] and Epstein-Peterson [7] , are examined in conjunction with free space propagation model in these figures. In Bullington method, all knife-edges are replaced by an equivalent one and in Vogler, Fresnel type integrals for each aperture is taken consecutively. Comparisons show that the use of any MD correction model yield quite similar results. However, a careful investigation of the figures show that, the Bullington method cannot catch the diffraction loss effects of some of the consecutive peaks that are close to each other. Vogler method is computationally expensive and yields quite similar results with Epstein-Peterson; still the least deviation from the reference solution occurs with the use of Epstein-Peterson. Therefore, the best choice for the multiple diffraction correction seems to be Epstein-Peterson.
The addition to MD losses to free space propagation, as in Figs. 4 and 5, predicts the fluctuations in the field strength due to terrain undulations. the same idea can be applied to the empirical propagation models. The effect of using MD losses with empirical propagation models is shown explicitly in Fig. 6 . Free space propagation model, ITU Rec.-1546 and FCC curves, with and without MD corrections, are compared in terms of accuracy using the FBSA as a reference, on the same geometry depicted before in Fig. 4(a) . The dotted lines in Fig. 6 represent the empirical models only, whereas the solid ones show the models with MD corrections. Reasonable agreement of free space and FCC results with the FBSA solution is observed in conjunction with (and without) MD corrections. In MD corrections, effects of the diffraction phenomenon is taken into account as an additional path loss only. Therefore, when used in conjunction with empirical curves, they just decrease the level of the curve along the portions of the terrain which are out of the lit region of the source. Hence, the use of MD losses together with empirical solutions may increase the error if the empirical curve is at a significantly lower level than the reference solution. Thus, using MD losses with ITU Rec.-1546 increases the error. According to above observations, for the propagation over rural areas, ITU Rec.-1546 deviates much more than the older ITU recommended models.
IV. CONCLUSION
Most widely used empirical propagation models with MD corrections for prediction of the field strengths over large terrain profiles have been investigated and observed that, they cannot provide a very accurate estimation of the scattered field or the path loss for an arbitrary environment, since they are polarization independent and do not respond to changes in electrical properties of the terrain.
Furthermore, special care is needed when MD correction methods are used in conjunction with empirical solutions. Implementation of an MD correction method increases the error if the field values due to an empirical model is already lower than the reference solution. An interesting result of this study is the accuracy of the Rec.-1546, which is one of the most recent ITU recommended propagation models. For urban areas, it is consistent with Hata equations up to about 20 km, but for rural areas, predicted field values of this model deviate from the reference solution more than those of the older ITU models do. Therefore it needs to be modified for rural areas.
The results of this study may help in the choice of the most preferable empirical models or in the development of more robust propagation techniques. A robust technique for the prediction of field strengths over large terrain profiles must be polarization and frequency dependent, and must take electrical properties, shadow and lit regions of the terrain profile into account.
